The physiological stress response results in release of glucocorticoid hormones such as 12 corticosterone (CORT). Whereas short-term activation of this response helps animals cope with 13 environmental stressors, chronic activation can result in negative effects including metabolic 14 dysregulation and reproductive failure. However, there is no consensus hormonal profile of a 15 chronically-stressed animal, suggesting researchers may need to look beyond hormone titers to 16 interpret the impacts of chronic stress. In this study, we brought wild house sparrows (Passer 17 domesticus) into captivity. We then compared glucocorticoid and mineralocorticoid receptor 18 concentrations in sparrows exposed either to a standardized chronic stress protocol (n=26) or to 19 standard husbandry conditions (controls; n=20). We used radioligand binding assays to quantify 20 receptors in whole brain, liver, kidneys, spleen, gonads, gastrocnemius and pectoralis muscle, 21 omental and subcutaneous fat, and bib and back skin. In most tissues, CORT receptors did not 22 differ between controls and stressed animals, although we found marginal increases in receptor 23 density in kidney and testis in stressed birds at some time points. Only in pectoralis muscle was 24 there a robust effect of chronic stress, with both receptor types higher in stressed animals. 25
Introduction
effects of presumed cases of chronic stress vary by species, stress paradigm, life history stage 48 and other factors (Dickens and Romero, 2013; Lattin et al., 2012a) . A recent review found no 49 consensus profile in baseline, stress-induced or integrated CORT, negative feedback or HPA axis 50 sensitivity associated with chronic stress (Dickens and Romero, 2013) : different studies report an 51 increase, a decrease, or no change in each of these parameters. This diversity of results means it 52 is not possible to simply examine CORT titers to distinguish between healthy and compromised 53 animals. However, knowing whether animals are successfully coping with stressors or suffering 54 deleterious effects from an over-active HPA axis can be crucial for diagnosing the health of an 55 individual animal. An approach that goes beyond quantification of plasma CORT concentrations 56 may therefore be necessary. 57
Most of CORT's effects occur via intracellular receptors that, when activated, bind to 58 DNA and alter gene transcription (Rousseau and Baxter, 1979) . There are over 4000 59 glucocorticoid-specific response elements in DNA, which can lead to enhanced or suppressed 60 transcription of more than 200 different genes (Reddy et al., 2009) . For a given exposure to the 61 same amount of circulating hormone, higher receptor density in a target tissue would enhance 62
Receptors 114
There were no differences in receptor concentration between controls and any of the 115 stress groups for GR or MR in most tissues ( There were significant differences in receptor concentrations between controls and one or 123 more of the stress groups for three tissues: pectoralis muscle, testis and kidney (Fig. 3) . 124
Pectoralis GR concentrations in birds from stress weeks 2, 3 and recovery were all higher than 125 controls (GR full model: F 4,40 = 3.18, p = 0.023; controls compared to stress week 1: p = 0.13; 126 controls compared to stress week 2: p = 0.045; controls compared to stress week 3: p = 0.0043; 127 controls compared to recovery: p = 0.038). Pectoralis MR concentrations in birds from stress 128 week 1, 2, 3 and recovery were all higher than controls (MR full model: F 4,40 = 4.13, p = 0.0068; 129 controls compared to stress week 1: p = 0.017; controls compared to stress week 2: p = 0.0020; 130 controls compared to stress week 3: p = 0.030; controls compared to recovery: p = 0.031). 131
Pectoralis mass did not differ between the controls and any of the stress groups (F 4,40 = 0.63, p = 132 0.65). 133
Although MR in kidney and GR in testis also changed during one treatment period during 134 chronic stress (Fig 4) , after p-value correction using a sequential Bonferroni, only pectoralis MR 135
and GR results remained significant. Kidney MR concentrations were higher in birds from stress 136 week 1 compared to controls (GR: F 4,40 = 0.48, p = 0.75; MR full model: F 4,40 = 3.15, p = 0.024; 137 controls compared to stress week 1: p = 0.0094; controls compared to stress week 2: p = 0.13; 138 controls compared to stress week 3: p = 0.078; controls compared to recovery: p = 0.41). Testis 139 GR concentrations were higher in birds from stress week 2 compared to controls (GR full model: 140 Unlike an earlier study that examined HPA changes in house sparrows exposed to capture 147 and five days of captivity (Lattin et al., 2012a) , and studies in European starlings (Sturnus 148 vulgaris) using the same chronic stress protocol (Cyr et al., 2007; Rich and Romero, 2005) , we 149 saw no decrease in body mass or baseline CORT in house sparrows exposed to three weeks of 150 random, rotating stressors. However, similar to previous studies conducted using this protocol 151 (Cyr et al., 2007; Rich and Romero, 2005) , stressed birds did have a dampened response to acute 152 stressors -animals sacrificed during weeks 2 and 3 of the chronic stress period had significantly 153 lower stress-induced CORT than controls. Several groups have proposed that this dampening of 154 the HPA response during chronic stress is an attempt to avoid stress-related pathologies 155 associated with chronically high CORT concentrations (Dallman et al., 2003; de Kloet et al., 156 2005; Martin, 2009 ). The differences between this and past studies also highlight the extent to 157 which different types of chronic stressors (e.g., captivity vs. random, rotating psychological 158 stressors) may be perceived differently and therefore elicit different physiological responses, as 159 well as the sometimes-frustrating role of species-specific effects. Given that house sparrows are a 160 particularly successful human commensal and invasive species (Anderson, 2006) , they may be 161 more resilient to chronic stress than most species. 162
Based on the hypothesis that increased tissue sensitivity to CORT could contribute to 163 adverse effects caused by chronic stress, we predicted we would see increased GR and/or MR 164 concentrations in all tissues except brain in wild-caught house sparrows exposed to a three week 165 chronic stress protocol. Overall, there were relatively few changes in CORT receptors in house 166 sparrows exposed to three weeks of random, unpredictable stressors, and small sample sizes 167 prevented us from doing a more detailed analysis of receptor changes for each tissue by sex. We 168 did, however, see increased CORT receptors in stress birds relative to controls in three tissues: 169 kidney, testes and pectoralis. 170
Kidney MR was higher in stressed birds sacrificed during week 1 of the chronic stress 171 period compared to controls. Kidney MR is typically thought to be a target of the 172 mineralocorticoid hormone aldosterone rather than CORT: in mammals, the enzyme 11β-173 hydroxysteroid dehydrogenase type 2 (11βHSD2) converts CORT to an inactive metabolite in 174 kidney, leaving MR free to bind aldosterone to regulate sodium balance (Edwards et al., 1988) . 175
Avian kidney also shows high 11βHSD2-like activity (Kucka et al., 2006) , suggesting that avian 176 kidney MR may also be more of a target for aldosterone. During the first week of chronic stress, 177 when sparrows presumably experienced several acute increases in CORT concentrations over the 178 course of each day due to stressor administration, it is possible that animals may have also 179 experienced changes in sodium balance that could necessitate an increase in MR. It is also 180 possible that MR in avian kidney may be a target for CORT as well as aldosterone, although 181 little is known about CORT's specific actions on avian kidney, making these results difficult to 182 interpret. 183
We also saw increased GR in testes of males sacrificed during week 2 of the chronic 184 stress period. During an acute stress response, CORT is thought to primarily suppress 185 reproduction at the level of the brain and pituitary (Breen and Karsch, 2006; Rivier and Rivest, 186 1991) . However, over longer time scales, CORT can suppress steroidogenesis and other 187 reproductive processes by acting directly on the ovary and testis (Consten et al., 2002; Hsueh and 188 Erickson, 1978; Sapolsky, 1985) . Increased receptor density in gonadal tissue, such as seen in 189 the present study, could augment this effect and contribute to chronic stress-induced reproductive 190 suppression. While exogenous CORT administration clearly causes gonadal regression in birds 191 (Hull et al., 2007; Pilo et al., 1985) , we saw no difference in the testis mass of stressed males 192 compared to controls. Therefore, both chronic stress and increased testis GR were not enough to 193 cause regression of the testis, which may be in part because sparrows also down-regulated their 194 acute stress response (Fig. 2) . 195
The strongest effect of the chronic stress protocol on receptor concentrations was seen in 196 pectoralis muscle, where both GR and MR were higher in most of the stressed groups of animals 197 than in controls. These receptor differences even persisted in birds sacrificed one week after the 198 cessation of the chronic stress protocol. CORT both increases proteolysis and inhibits protein 199 synthesis, freeing up amino acids to be used as substrates for gluconeogenesis (Hasselgren, 1999; 200 Sapolsky et al., 2000) . Because of this catabolic role, exogenous CORT administered through 201 diet, implants or injections typically causes muscle wasting (Busch et al., 2008; Gray et al., 1990; 202 Hull et al., 2007; Tomas et al., 1979) ; in mammals, this muscle-wasting effect is mediated by GR 203 (Watson et al., 2012) . Increased muscle receptor density in response to chronic stress, perhaps as 204 part of a shift towards protein as an energy source, could help explain why muscle wasting 205 occurs in these studies. 206
The difference between pectoralis and gastrocnemius was striking. We did not see an 207 increase in GR or MR in gastrocnemius muscle, which is consistent with previous studies 208 showing pectoralis may be particularly affected by CORT compared to other muscle types, 209 especially in birds (Honey, 1990; Lin et al., 2006; Yuan et al., 2008) . Because the pectoralis can 210 account for ~10-25% of a bird's total body mass (Lundgren and Kiessling, 1988) , some have 211 suggested it could be mobilized selectively as a kind of "labile protein reserve" (Kendall et al., 212 1973; Ward, 1969) . Because of the important role of the pectoralis in avian flight, this increased 213 sensitivity to CORT could cause problems if stressors were to persist -if a sparrow mobilizes 214 too much muscle for energy, it reduces its ability to flee stressors. However, as with testis, we 215 saw no differences in pectoralis mass between stressed birds and controls in this study, possibly 216 due to downregulation of the acute stress response. 217
In summary, although CORT receptors in most tissues did not differ between control 218 animals and birds exposed to a standardized protocol of random, rotating stressors, we did see 219 receptor differences in some tissues that could potentially be used as indicators of chronic stress, 220 and may help us understand some of the pathologies that can result from prolonged CORT 221 exposure. 222 223
Methods 224

Study subjects 225
House sparrows (n = 46, half males and half females) were caught at bird feeders in 226
Arlington, Medford and Somerville MA, USA using mist nets and Potter traps between 6 April 227 and 22 May 2011. All birds used in this study were adults. Captured birds were housed together 228 in an outdoor aviary with ad libitum water, grit and mixed seed. Control (n = 20) and stress birds (n = 26) were housed in two different rooms in the lab, 235 but exposed to identical husbandry conditions. We subjected stress birds to a 3-week 236 standardized chronic stress protocol (Fig. 1 ) using 30 min stressors 4 times a day (Awerman and 237 Romero, 2010; Cyr et al., 2007; Rich and Romero, 2005) . The stressor type and time of 238 administration was randomly determined, with at least 2 hours between each stressor. The 239 stressors used (being rolled on a cart, radio, restraint, human voice/presence, and cage 240 disturbance) have all been shown individually to significantly increase CORT titers (Nephew, 241 2003; Rich and Romero, 2005) , and the chronic stress protocol has been found to cause changes 242 in body mass, blood chemistry parameters, CORT titers, adrenal sensitivity, MR and GR 243 expression in some brain areas and offspring survival in wild-caught birds (Awerman and 244 Romero, 2010; Cyr et al., 2007; Cyr and Romero, 2007; Dickens et al., 2009; Rich and Romero, 245 2005) . Control birds were not subjected to the stressors (Fig. 4) . After the three-week chronic 246 stress period, birds in the stress group were given one week to recover. Animals were sacrificed 247 every week in the stress group, and every other week in the control group, to determine the 248 effects of chronic stress as the duration of stressors persisted, and to see whether these effects 249 disappeared after a week of recovery (Fig 4) To compare our study to previous chronic stress studies that primarily measured CORT 255 titers, we took blood samples from each bird to measure baseline and plasma CORT. All birds 256 were sampled only once, ~36 h before sacrifice. Baseline blood samples were taken within 3 min 257 of entering bird rooms (Romero and Reed, 2005) . After 30 min of restraint in a cloth bag, a 258 stress-induced blood sample was also taken. 259
To reduce endogenous CORT that would otherwise interfere with receptor binding assays 260 (Breuner et al., 2000; McEwen et al., 1974) , all house sparrows in both control and stressed 261 groups received intramuscular injections of mitotane (ortho, para-DDD; 180 mg/kg body weight; 262 Sigma Aldrich, St. Louis, MO, USA) ~36 and ~24 h prior to sacrifice (Breuner and Orchinik, 263 2001). The first mitotane injection was given immediately after sampling blood for baseline and 264 stress-induced CORT. Mitotane appears to be quite specific in reducing circulating CORT and 265 not affecting other steroid hormones (Sanderson, 2006) ; for example, three days of mitotane 266 treatment did not affect circulating testosterone or testes mass in house sparrows (Breuner et al., 267 2000) . Approximately 36 h after the first mitotane injection, birds were placed into cloth bags 268 for 30 min and a blood sample taken to determine the effectiveness of chemical adrenalectomy. 269
All blood samples were taken from the brachial vein using heparinized capillary tubes, and 270 total blood volume taken did not exceed 1% of the bird's body weight (Fair et al. 2010 ). Blood 271 samples were stored on ice for up to 6 h, and then centrifuged. After centrifugation, plasma was 272 removed and stored at -20 C. 273
We determined CORT concentrations in each sample using radioimmunoassay following the 274 methods of Wingfield et al. (1992) . Briefly, samples were allowed to equilibrate overnight with a 275 small amount of radiolabeled CORT to determine individual recoveries. CORT was extracted 276 from each sample using freshly redistilled dichloromethane, samples dried under nitrogen gas, 277
and re-suspended in phosphate-buffered saline with 1% gelatin. Tritiated CORT and CORT 278 antibody (B3-163, Esoterix, Calabasas Hills, California, USA) were added to samples and 279 standards and allowed to equilibrate. We added dextran-coated charcoal to adsorb unbound 280 steroid, and separated bound from unbound fractions using centrifugation. The bound fraction 281 was decanted, mixed with scintillation fluid and counted. Samples were assayed in duplicate, and 282 assay values corrected for individual recoveries following extraction. Mean recovery was 85%. 283
Inter-and intra-assay coefficients of variation were determined by running standards in each 284 assay. Intra-assay variation was 3.5%; inter-assay variation was 15.8%. 285
286
Tissue processing 287
Birds were anesthetized with intramuscular injections of ketamine (~80 mg/kg body 288 weight; Fort Dodge Animal Health, Fort Dodge, IA, USA) and xylazine (~20 mg/kg body 289 weight; Akorn, Inc., Decatur, IL, USA), at doses appropriate for house sparrows (Muresan et al., 290 2008) . Sparrows were transcardially perfused with ice-cold heparinized saline, and whole brain, 291 liver, right pectoralis muscle, left and right gastrocnemius muscles, subcutaneous fat from the 292 furcula, omental fat from the abdomen, spleen, gonads, bib skin (the ventral patch of skin 293 beginning under the beak and ending halfway down the pectoralis muscle) and back skin (the 294 dorsal patch of skin from the nape to the tail) were removed and flash-frozen on dry ice. Tissues 295 were always taken in the same order, and the time to take all tissues was recorded for each bird 296 (mean time = 13.5 ± 1.3 min). Tissues were stored at -80°C until assay. 297
298
Receptor binding assays 299
Receptor binding assays were done following Breuner and Orchinik (2001) , and have 300 been described in detail elsewhere (Lattin et al., 2012b) . We used homogenization techniques, 301 tissue to buffer ratios, incubation times and temperatures optimized for each tissue type in house 302 sparrows to maximize specific binding and minimize non-specific binding (Lattin et al., 2012b Affinity estimates derived from previous equilibrium saturation analyses (Breuner and Orchinik, 315 2001; Lattin et al., 2012b) predict that 10 nM [ 3 H]CORT should occupy >95% of MR and ~63% 316 of GR. Incubations were terminated by rapid filtration, and filter paper was mixed with Ultima 317
Gold scintillation fluid (PerkinElmer) and run on a scintillation counter (TriCarb 1600, 318 PerkinElmer). 319 320
Statistical analyses 321
One male from the chronic stress recovery group died prematurely under anesthesia 322 during perfusions. We used data from this bird for plasma CORT and body mass analyses, but 323 not receptor analyses. We sacrificed birds from the control group at three different time points to 324 control for the effects of ongoing captivity (Fig. 1) . As there were no differences in hormone 325 titers or receptor concentrations in any tissue among control birds measured at the three different 326 time points, control birds were pooled to simplify analysis. Therefore, all tissue analyses 327 compared five different groups: controls (n = 20), stress week 1 (n = 6), stress week 2 (n = 6), 328 stress week 3 (n = 8) and recovery (n = 5). In each group, half of the individuals were male, and 329 half female (except for the recovery group, which contained two males and three females, as 330 stated above). 331
Because we had multiple body mass measures for each individual, we analyzed mass data 332 in a linear mixed model that included sex, date and treatment as fixed effects and individual as a 333 random effect using Proc Mixed in SAS (SAS Institute Inc., 2012). All other statistical analyses 334
were done using analysis of variance (ANOVA) in JMP version 10.0 (SAS Institute Inc., 2012). 335 ANOVA is fairly robust to violations of normality assumptions, but not to violations of 336 homogeneity of variances (Quinn and Keough, 2002) . All tissues came from the same 45 birds, 337 and we considered combining receptor analyses for all tissues in ANOVA models including 338 individual as a random effect to account for this; however, different tissues had significantly 339 different variances in their error terms, and this heteroscedasticity problem violates the 340 assumptions of this type of model (Sokal and Rohlf, 1981; Zuur et al., 2009) . Therefore, we ran 341 each tissue in a separate analysis with receptor concentration (GR or MR) as the dependent 342 variable and treatment group (control, stress week 1, 2, 3 or recovery) as the independent 343 variable. We ensured data met the homogeneity of variances assumption using Levene's test 344 (Quinn and Keough, 2002) , and in situations where variances among sample groups were not 345 homogeneous, used Welch's ANOVA (Day and Quinn, 1989) . 346
When the overall ANOVA was significant, we only examined comparisons (t-tests) 347 between controls and the four stressed groups, rather than all pair-wise comparisons (Day and 348 Quinn, 1989; Ruxton and Beauchamp, 2008) . When running multiple analyses, the odds of 349 committing a type I error increases; however, because correcting p-values for multiple 350 comparisons is not universally recommended (Feise, 2002; Perneger, 1998; Rothman, 1990) , we 351 present both uncorrected significant p values and significant p values after correction using a 352 sequential Bonferroni test (Rice, 1989) . In two tissues where receptor density varied 353 significantly among treatments (see results) we also ran ANOVAs comparing tissue mass., 354
Although each group contained equal numbers of males and females, sample sizes did not permit 355 inclusion of sex as a factor in our analyses. However, previous studies of receptor density in 356 different house sparrow tissues have not shown large sex differences (Breuner and Orchinik, 357 2001; . 358
Samples containing 1-10 mg protein/mL buffer have been shown to produce accurate 359 results for intracellular glucocorticoid receptor binding assays (López Bernal et al., 1984 Mizoguchi et al., 2003; Sapolsky et al., 1984) Decreased receptor density in brain Figure 1 . Animals subjected to a standardized chronic stress protocol had lower stressinduced corticosterone, but not baseline corticosterone, than control animals. Plasma corticosterone concentrations at baseline (top) or in response to 30 minutes of restraint (bottom) in house sparrows exposed to a standardized chronic stress protocol for 1 week (n = 6), 2 weeks (n = 6), or 3 weeks (n = 8), or after 3 weeks of stress and a one-week recovery period (n = 5) and unstressed controls (n = 20). Half the birds were male and half female in each group, and each bird was only sampled once. Stars represent stressed groups that were significantly different from pooled controls. Shown are means ± s.e.m. Figure 2 . In most tissues, glucocorticoid and mineralocorticoid receptor concentrations did not differ between animals exposed to a standardized chronic stress protocol and control animals. Intracellular concentrations of glucocorticoid receptors (GR, top graphs) or mineralocorticoid receptors (MR, bottom graphs) in nine tissues of house sparrows exposed to a standardized chronic stress protocol for 1 week (n = 6), 2 weeks (n = 6), or 3 weeks (n = 8), or after 3 weeks of stress and a one-week recovery period (n = 5) and unstressed controls (n = 20).
Half the birds were male and half female in each group (except for ovary, where sample sizes were 3, 3, 4 and 3 for stress groups, and 10 for controls), and each bird was only sampled once.
In these tissues, none of the stressed groups were significantly different from pooled controls.
Shown are means ± s.e.m. Figure 3 . In three tissues, glucocorticoid and mineralocorticoid receptor concentrations were higher in animals exposed to a standardized chronic stress protocol compared to control animals. Intracellular concentrations of glucocorticoid receptors (GR, top graphs) or mineralocorticoid receptors (MR, bottom graphs) in pectoralis muscle, testes and kidney of house sparrows exposed to a standardized chronic stress protocol for 1 week (n = 6), 2 weeks (n = 6), or 3 weeks (n = 8), or after 3 weeks of stress and a one-week recovery period (n = 5) and unstressed controls (n = 20). Half the birds were male and half female in each group (except for testis, where sample sizes were 3, 3, 4, and 2 for stress groups, and 10 for controls), and each bird was only sampled once. Stars represent stress groups that were significantly different from pooled controls, although results for kidney and testis were not significant following sequential Bonferonni correction. Shown are means ± s.e.m. The two groups were housed separately to minimize disturbances on controls. One male from the stress recovery group died under anesthesia before perfusion; data from this bird was only used for body mass and hormone analyses, not tissue analyses.
